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INTRODUCTION 
The work under t h i s  Grant i s  generally concerned with the  generation, 
control, and s tab i l iza t ion  of op t ica l  frequency radiation. In par t icular ,  
we a re  concerned with obtaining tunable opt ical  sources by means of non- 
l i nea r  op t ica l  techniques. 
par t icu lar  areas. These were: first, on a novel technique t o  produce 
long, high-power opt ica l  doubled pulses from &-switched lasers ;  second, 
on a ring-type opt ica l  parametric o sc i l l a to r  which has allowed very sub- 
s t a n t i a l  depletion of the driving argon laser ,  and th i rd ,  on a proposed 
new method which should allow the output frequency of an opt ica l  para- 
metric o sc i l l a to r  t o  be locked t o  the absorption l i n e  of an atomic tran- 
s i t ion .  The effect ive linewidth of the osc i l l a to r  should become approxi- 
mately tha t  of the absorbing t ransi t ion.  
opt ic  f i l t e r  has a lso  continued, but the b d k  of t h i s  work has now been 
During t h i s  period work was act ive i n  three 
Work on the tunable acousto- 
t ransferred t o  Navy Research Grant NO0014 (67-A-0112)0036. 
During t h i s  period the following publications have been submitted 
f o r  publication: 
Joe l  Falk and James E. Murray, "Single Cavity Noncollinear Parametric 
Oscillation," Appl. Phys. Letters 14, 243-247, April 1969. 
A. I. Kovrigin and R. L. Byer, "Stabi l i ty  Factor f o r  Optical Parametric 
Oscil lators," t o  be published i n  J. Quant. Electr .  
S. E. Harris, "Method t o  Lock an Optical Parametric Oscil lator t o  an 
Atomic Transition," submitted t o  Appl. Phys. Letters. 
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R, L. Byer, A, I. Kovrigin, and J. F, Young, "A Ring Cavity (;w Para- 
metric Oscil lator," submitted t o  Appl. Phys. Letters. 
S. E. Harris, "Nonlinear Optical Materials,'' a t a l k  delivered before 
the 1969 Conference on Laser Engineering and Applications, Washington, D. C., 
May 26-28, 1969, 
1. Pulse Lengthening Via Overcoupled Internal  Second Harmonic Generation 
( S o  E. Harris and J. E, Murray) 
A def ini te  need has ar isen for  an effect ive means of extending the 
length of the Q-switched l a se r  pulses which are  used t o  drive opt ica l  
nonlinear devices, In par t icular ,  longer pumping pulses m e  required 
t o  allow these interactions t o  reach t rue  steady s t a t e  operating condi- 
t ions  and t o  reduce the danger of burn damage t o  opt ical  components. 
Several have proposed schemes fo r  pulse lengthening where 
the fundamental l a se r  frequency i s  the useful output, 
controlled Q-switched pulse lengths of the second harmonic of the l a se r  
frequency. It also has the advantage tha t  the pulse lengthening i s  ac- 
complished i n  a conservative manner, 
This scheme offers  
The method proposed here u t i l i z e s  a second harmonic generator in- 
t e r n a l t o  the l a se r  cavity, This ac ts  as  a power dependent loss  t o  the 
mdamental  l a se r  frequency, and i f  the coupling t o  the second harmonic 
is much stronger than tha t  required to maximize the second harmonic power, 
it l i m i t s  the  peak amplitude of the Q-switched pulse and extends i t s  
length i n  time. This scheme i s  conservative i n  tha t  the second harmonic 
pulse length can be varied 
pulse lengthening schemes, 
or Rayleigh scat ters293 as 
while keeping i t s  energy constant. For other 
such as those which u t i l i z e  Raman, Brillouin, 
the power dependent losses,  o r  those which 
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use two photon ab~orBt ion ,~- '  the  energy l o s t  t o  the sca t te r in  
i s m  i s  not useable. For the proposed scheme, second harmonic 
ac ts  as both the power dependent loss and the means of output co 
for  the laser ;  thus the energy l o s t  t o  second harmonic generation i s  the 
useful output. 
The theore t ica l  analysis of the problem begins w i t h  the  usual 
r a t e  equations fo r  a l a se r  system w i t h  an additional term i n  the photon 
density equation representing the lo s s  t o  the second harmonic generator: 
m/d t  = W - (oc/LA)UN - N/'ctot 
2 
d U / d t  = - U / T ~  + (oc/LA)N(u + 1) - KU 
where 
N 
W 
U 
T C  
''tot 
K 
L 
A 
0- 
N2 - N1 = Total population inversion 
Rate of population inversion due t o  pumping 
Total number of photons per pertinent cavity mode 
Photon l i fe t ime i n  opt ica l  resonator 
Total l i fe t ime i n  upper s t a t e  
Coupling coefficient between 
Optical length of resonator 
Beam area i q l a s e r  material 
Transition cross section fo r  
2 2  x /4* €T&AV 
e = Relative d i e l ec t r i c  
fundamental and second harmonic 
the laser l i n e  of i n t e re s t  
constant of laser material 
' =  Radiative spontaneous l i fe t ime i n  upper s t a t e  
Av = Ful l  linewidth of t rans i t ion  a t  half  power points 
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In terms of the second harmonic c rys t a l  parameters, K can be defined as 
follows : 
( : ) 2  
8ah 
2 K = - ( v V ) ~ ( & ) ~  
W 
where 5 characterizes the second harmonic c rys ta l  and i s  defined accord- 
ing the following equation: 
2 - 
'SH - "Fundo 
and where 
w = Beam radius i n  second harmonic c rys ta l  
q = Impedance8,of second harmonic c rys ta l  t o  the fundamental wave- 
length 
v = Fundamental frequency of l a se r  
& = Effective interact ion length i n  second harmonic generation. 
d = Effective electro-optic constant for  second harmonic generation. 
For &-switched operation, the pumping term and the spontaneous e d s -  
sion terms can be neglected. With these sim@ifications, the equations 
can be normalized as follows w i t h  only one parameter, f3 , representing 
the coupling t o  the  second harmonic frequency: 
0 
dn/dT = - @n 
d@/dT = $(n - 1) - @$2 9 
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where 
n = x/nth = (UC/LA)T~N 
j d  = (UC/LA)TCU 
T = t / T c  
8 = (LA/uc)K 
The second harmonic coupling parameter, f3 , can also be defined 
i n  the following way i n  terms of parameters which are more character is t ic  
of laser systems and second harmonic crystals :  
where 
2 
SH Fund. t = P / P  
G = Gain per pass through l a se r  medium 
E = Energy stored i n  inversion t o  give t h i s  value of G . 
To obtain the time evolution of the Q-switched pulses we programmed 
Figure 1 shows the computer gen- 
no = 2.0 and for  f ive  different  
The normalized amplitudes of the 
these equations on a d i g i t a l  computer. 
erated second harmonic pulse shapes fo r  
values of the coupling parameter 
pulses can be related t o  second harmonic power by the following relat ion:  
f3 
The i n i t i a l  value for  the normalized photon density, pl0 , used i n  each 
case w a s  approximately 1/100 of i t s  corresponding peak value rather  than 
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FIG. 1--Computer solutions for second harmonic pulse shapes for no = 2.0 , 
five es of the couplin er, f3 . The 
er fig f3 = 102 and 103 th an expanded 
time scale. 
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the appropriate spontaneous noisepower. This was done to reduce computing 
time . 
In order to check the computer solutions, an attempt was made to solve 
By dividing the for some characteristic of the pulses analytically. 
equation for PI by%he equation for n , the variable T can be elim- 
inated and the resulting differential equation can be solved in closed 
form. Its solution is: 
where and no &re the initial values of the variables. From this, 
an expression can be obtained f o r  the peak amplitude of' the fundamental 
pulse : 
1 
J L 
This solution was checked against the computer solutions and indicated 
that the program was working correctly. 
We intend to compute solutions to these normalized equations for 
as many cases of interest as possible. 
in terms of graphs of pulse length vs initial inversion, peak power vs 
initial inversion, etc., with different values of the coupling parameter 
The results will be presented 
f3 giving families of curves on each plot. 
monstrate the effect experimentally. 
We will also atteppt to de- 
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2, Byer, A. Kovr 
J. F. Young) 
The ult imate usefulness of tunable op t i ca l  sQUrces w i l l  depend 
considerably on t h e i r  efficien,cy and s t a b i l i t y .  ,We have j u s t  constructed 
a new type of parametric o s c i l l a t o r  using a three mirror r ing cavi ty  
having grea te r  s t a b i l i t y  and conversion than a conventional two mirror 
l i nea r  cavi ty  osc i l l a to r ,  In  the two mirror o sc i l l a to r ,  the  resonant 
s igna l  and i d l e r  waves t ravel ing through the  nonlinear element i n  the  
backward direct ion (opposite the pump wave) a re  phased matched f o r  the 
sumyrequency generation of a backward wavp a t  the pump frequency. This  
back generated pump wave in te r fe res  with the input pump beam and reduces 
the e f fec t ive  pump field. 
parametric o sc i l l a to r  operating without a back generated pump wave has 
Recently Bjorkholm12 pointed out t ha t  a 
the  poten t ia l  of lO@ conversion eff ic iency when operated 4 times above 
threshold, i n  contrast  t o  a maximum of 5% i n  the presence of the back- 
w a r d  pump wave0l3 The singly resonant o s c i l l a t o r  eliminates the back- 
ward pump wave at the  expense of a considerably increased threshold. 
the r ing cavity,  the  resonated s igna l  and i d l e r  t r a v e l  through the  non- 
l i nea r  c r y s t a l  i n  the forward direction-only,  thus eliminating the  back- 
In 
ward generated pump wave. In  addition, the  off  angle r ing configuration 
provides very effect ive i so l a t ion  between the  o s c i l l a t o r  and the pumping 
l a se r .  The elimination of the back generated putpp wave and of d i r ec t  
specular re f lec t ions  from osc i l l a to r  component surfaces should r e s u l t  
i n  improved pump and osc i l l a to r  s t a b i l i t y .  
Figure 2 shows the components of the r ing cavity osc i l l a to r .  The 
osc i l l a to r  was putnpedwith a s ingle  frequency 514.5 2 argon ion l a s e r  which 
- 8 -  
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was properly mode matched into the parametric cavity to achieve maximum 
parametric gain l4>l5 and was continuously monitored with a confocal 
scanning Fabry-Perot interferometer to insure that it was single frequency. 
Operation was far from degenerate with a tuning range from 6600 a to 
7000 8 at the signal and a corresponding idler tuning range near 2.0 p. 
A three to one ratio of signal to idler frequencies was chosen to simp- 
lify the fabrication of the dielectric mirrors and the LiNbO 
reflection coatings, as described previously.16 Both the signal and 
idler waves were resonated in the three mirror cadty consisting of two 
3 cm radius dielectric morrors and a flat gold mirror. The gold coated 
flat was mounted just above the crystal inside the oven so that the di- 
electric mirrors were used at nearly normal incidence. 
accomplished using the pump beam and the small reflectivity of the 
oscillator components at 5145 8. 
ing the three mrfrror cavity was comparable to that of the two mirror 
anti- 
3 
Alignment was 
We found that the difficulty of apign- 
cavity, 
of LiNbO 
The nonlinear element of the oscillator was a 34 m crystal 
grown at the Center for Materials Research, Stanford University. 
The single pass cavity loss at the signal and idler was apprDximately 
3 
2$ which, with confocal mode radii of 40 p and 70 t ~ .  at the signal and 
idler respectively, gives a theoretical thr’eshold of 50 mW. 
that the discrepancy between this and the observed valve of l 5 O  mW 
We believe 
can be accounted for by incomplete overlap o f  the-pump, signal, and 
idler waves in the crystal, and by errors in the cavity loss measurements. 
In particular, a Linear cavity oscillator constructed with the same 
crystal and dielectric mirrors had a threshold of 60 mW, indicating that 
the gold flat at grazing incidence was more lossy than estimated. 
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We observed up t o  6@ pump depletion indicat ing operation near two 
times above threshold. 
ble due t o  l imited pump power. 
the  o s c i l l a t o r  or pump cavi t ies ,  and the  pulsing behavior t yp ica l  of t he  
phase and frequency sensi t ive,  doubly resonant o s c i l l a t o r  was observed. 
The r ing  cavi ty  o s c i l l a t o r  exhibited on-times a s  much a s  t en  times longer 
than the  l i n e a r  cavi ty  o s c i l l a t o r  constructed using the  same components. 
The Fabry-Perot interferometer c lear ly  showed the  improved frequency 
s t a b i l i t y  of the pump due t o  the e f fec t ive  i so l a t ion  of the  r ing  cavi ty  
configuration. 
at the s igna l  was  r e l a t ive ly  low due t o  the  la rge  r a t i o  of i n t e rna l  
losses  t o  coupling losses ,  and peak output powers of only a few m i l l i -  
watts were observed. 
Operation fur ther  above threshold was not possi- 
No precautions were taken t o  s t a b i l i z e  
In  s p i t e  of the  la rge  pump depletion of the  output power 
In  conclusion, the  operation of t h i s  parametric o s c i l l a t o r  ver i f ied  
the  increased pump depletion predicted fo r  a parametric o s c i l l a t o r  
operating without t he  back generated pump wave, and also showed the  i m -  
proved s t a b i l i t y  which can r e s u l t  from the  op t i ca l  i so l a t ion  afforded 
by the  r ing cavity configuration. These advantages were obtained with 
only a very moderate increase i n  construction and alignment d i f f i cu l ty .  
3. Method t o  Lock an Optical Parametric Osci l la tor  t o  an Atomic 
Transit ion,  (S. E. Harris)  
Work on t h i s  project  i s  described i n  the  attached paper, Appendix 
A, which has been submitted f o r  publication t o  Applied Physics Letters. 
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METHOD TO LOCK AN OPTICAL PARAMETRIC OSCILLATOR 
TO AN ATOMIC TRANSITION 
by 
S. E. Harris 
In  recent years op t ica l  parametric o sc i l l a to r s  which are  tunable 
1-6 over most of the  v i s ib l e  and near infrared spectra  have been constructed. 
The linewidth of these osc i l l a to r s  is  determined by the length and type 
of nonlinear crystal ,  and by how close t o  degeneracy they are  operated. 
-1 Observed linewidths have been as small as 3 cm and have more typ ica l ly  
been between 30 and 100 cm . -1 
I n  t h i s  Let ter  we propose a technique which allows the output f r e -  
quency of an op t i ca l  parametric o sc i l l a to r  t o  be locked t o  the frequency 
of an absorbing atomic t rans i t ion .  The effect ive linewidth of the osc i l -  
l a t o r  becomes approximately tha t  of the absorbing t ransi t ion,  which fo r  
a gas may be .03 cm or l e s s .  -1 
The basic configuration f o r  the proposed technique i s  shown i n  
Fig. 1. The usual single nonlinear c rys t a l  i s  replaced by two nonlinear 
c rys ta l s  which have the direct ion of t h e i r  pos i t ive  z axes reversed. 
For example, i n  LiNbO the posi t ive end of the  z axis i s  tha t  end 
which becomes Gegative upon compression i n  the z direction. Between 
the reversed nonlinear c rys ta l s  i s  placed a c e l l  containing the gas t o  
which it i s  desired t o  lock the output frequency of the osc i l l a to ro  We 
term the frequency of the absorbing t r ans i t i on  as the s ignal  frequency, 
and assume the mirrors of the osc i l l a to r  t o  have high r e f l e c t i v i t y  at 
3’ 
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FIG. 1--Schematic of frequency locking technique. The l e t t e r s  
s , i , and p denote the  signal, idler ,  and purnp 
respectively. The gas t r ans i t i on  i s  assumed t o  absorb 
at only the s ignal  frequency; and the mirrors are  assumed 
t o  have high r e f l e c t i v i t y  at only the  id l e r  frequency. 
The v e r t i c a l  arrows i n  t he  LiNbO crys ta l s  denote the 
direct ion of t h e i r  posi t ive z axes. 3 
- 16 - 
only the i d l e r  frequency. 
frequencies resonant have recently been successfully demonstrated. 
Oscil lators having only t h e i r  s ignal  or i d l e r  
7-9 
To understand the  operation of the osc i l la tor ,  f irst  consider the 
case where the two nonlinear c rys ta l s  are of equal length, and the ab- 
sorbing gas i s  removed. A t  the center of the parametric linewidth where 
Ak = 0 , the parametric gain of the f i r s t  c rys t a l  i s  exactly cancelled 
by the second crys ta l .  That is, as a r e su l t  of the reversal  of the +z 
axes of the two crystals ,  the r e l a t ive  phases of the signal, idler ,  and 
pump on entering the  second c rys t a l  are such t h a t  instead of fur ther  
growth, the s ignal  and id l e r  decay t o  the values which they had on 
enFering the f i r s t  c rys ta l .  Since r e l a t ive  phases are  involved, the 
physical spacing between the two crys ta l s  i s  not of consequence. 
Suppose now t h a t  an absorbing gas i s  inserted in to  the gas c e l l  and the 
pressure adjusted such t h a t  the gas i s  nearly opaque at the per t inent  
t rans i t ion .  The s ignal  generated i n  the f i r s t  c rys t a l  i s  now absorbed 
by the gas, and therefore cancellation of gain no longer occurs i n  the 
second crystal .  The resubt i s  a sharply peaked gain function centered 
at the frequency of the atomic t rans i t ion .  It w i l l  be seen below tha t  
the peak height of t h i s  gain function i s  between f i f t y  and one hundred 
percent (50 - 10%) of the gain which would ex i s t  i f  the 
the two crys ta l s  were aligned instead of opposed. It w i l l  a lso be seen 
tha t  it w i l l  be of advantage t o  make the second c rys t a l  a number of 
times longer than the f i r s t .  
* 
+z axes of 
We w i l l  take the gas t o  have a l o s s  CX(u) and phase s h i f t  $(u> 
such tha t  the s ignal  
t ha t  a t  i t s  input by 
frequency E f i e l d  at i t s  output is related t o  
; and assume the gas t o  exp - [CX(u) + j $(u)1 
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be completely transparent at the i d l e r  freque 
nonlinear c rys t a l  t o  have length 
$ . The magnitude of the parametric gain at t 
a single pass through the  two reversed cryst  
1 L 
2 
- E i 2  = 
E io  
c e l l  i s  given by 
j A k  j A k  
(Osh sLl + - sinh sL1) (.os. s$ + - sinh s$) 
2s 2s ' 
2 
l? 
(1) - exp - a ( w )  exp j $((I)) - sinh s L  sinh s$ 2 1 
s 
where 
The wave vector mismatch 
the  parametric gain curve and may be wri t ten & = b A (I) where 
i s  the excursion from l i n e  center of the s ignal  frequency. For LiNbO 
a t  6328 8, the constant b = 6.2 X 10-l' sec/m ., i s  the para- 
metric gain constant and is dependent on the strength of the pump. ' To 
obtain Eq. (l), pump depletion was neglected and thus I? was taken t o  
be the same i n  both c rys t a l s .  
A A. = lp , I' Z .1 P /A where A i s  the area of the pumping 
Ilk = kp - k, - ki i s  zero a t  the center of 
&S S 
3 
10 I;! 
For 90' phase matching i n  LiNbO with 3 
2 
S 1 P 
2 s uni t s  of W/cm . 
wve which i s  
, i.e., with 
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a(u) = 9(m) = 0 e Figure 2 shows the i en ta l  power gain 
gain a t  l i n e  center and reduce the r ipple .  
Next, consider the gain i n  the presence of the absorbing gas. We 
w i l l  assume t h a t  the linewidth of the absorbing t r ans i t i on  i s  many times 
cosh l?L, cosh I?$ - exp - a ( w )  exp j $(w) sinh rL, sinh l?L, 
smaller than tha t  of the parametric gain, and t h a t  the temperature of 
2 
. 
the  nonlinear c rys ta l s  have been adjusted such t h a t  t h e i r  parametric 
E i 2  
E i O  
- =  
linewidths center at appmximately the atomic t rans i t ion .  For such 
cases Ak may be taken equal t o  zero i n  the v i c in i ty  of the atomic 
2 
and Eq. (1) gives 
2 For large a(u) , i.e., for a nearly opaque gas, IEiz/Eiol = 
cosh l?L cosh l?L, This gain is  shown p lo t ted  as a delta-function 
a t  = 0 f o r  each 
2 2 
1 
-10 -8 -6 -4 -2 0 2 4 6 8 IO 
A k ( L j + L 2 )  
T"" 
I I I I 
-10 -8 -6 -4 -2 0 2 4  6 8 IO 
1 I I I I 
-10 -8 -6 -4 -2 0 2 4 6 8 IO 
A k ( L l +  L e )  
FIG. 2--Incremental power gain versus &(L1 + I+) . 
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The de ta i led  shape of the  parametric gain i n  t he  v i c in i ty  of t he  
t r ans i t i on  is  determined by the  r e l a t ion  of a(u) t o  @(LO) For an 
idea l  Lorentzian l i n e  @(cu)/a(cu) i s  proportional t o  the detuning from 
the  atomic l i n e  center.  For small a(cu) , the  peak parametric gain 
occurs a t  t he  center  of the  atomic l i n e .  However, f o r  la rger  a(u) , 
e,g. ,  higher pressure or longer c e l l  length, higher gain r e s u l t s  toward 
t h e  wings of the  atomic l i n e  where the  r a t i o  of #(u) t o  a(o) is 
larger .  (Note t h a t  the  most favorable case for Eq. (2) i s  a(w) = 0 , 
@(w) = fi 
the  center frequency of the  atomic t r ans i t i on .  A s  a r e su l t  of t h i s  
phase contribution of t he  atomic l ine ,  the peak gain may exceed the 
height of the  delta-functions shown i n  Fig. 2, and the  width of the 
gain function may be a f e w  times wider than t h a t  of the  atomic t r ans i -  
t ion. 
.) I n  t h i s  case the  gain becomes double peaked, dipping at 
I n  constructing an o s c i l l a t o r  of the  type described here, it may 
be desirable  t o  make the  
less than the  width of the  atomic t r ans i t i on .  Even though the pump 
frequency i s  randomly fluctuating, there  would then always be at l e a s t  
one i d l e r  mode.such tha t  the  difference between the  pump frequency and 
i t s  frequency f a l l s  within the width of the atomic t rans i t ion .  
c/2L frequency spacing of the  i d l e r  modes 
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